Introduction
Surface manifestations of geothermal resources are uncommon in the eastern United States. Warm springs occur only in restricted areas of the Appalachian and Ouachita Mountains. No volcanism has occurred in this region for at least 20 million years, Therefore the search for geothermal resources in most of the east will depend on temperature and heat flow measurements from deep wells and from data generated through indirect methods such as geochemistry, gravity, magnetics, and regional geology.
The most readily available geothermal data base is the American Association of Petroleum Geologists' Geothermal Survey of North America (1976) . This data set has been extensively used by those interested in the utilization , of geothermal resources in the east. However, much of the data base is unverified, and this report has been prepared as a guide to some of the problems inherent in its use.
A thorough review of the entire data base for the eastern United States would have entailed an unjustifiable dedication of resources. Instead, a representative sample-the portion between latitudes 43.2' and 4 4 . 2 ' N in Michigan--was studied in detail., This area was selected because its geology is relatively simple and the well data are relatively extensive.
Temperature Gradients and Geothermal Resources
Temperature gradient measurements are useful in exploration for geothermal resources, since they allow ready detection of thermal anomalies and estimation of' their areal extent, Caution must be exercised, however, in using gradients to pr temperatures below the depth of measurement, for three reasons :
temperature gradients, projection of temperatures to depth .must rely on a knowledge of geology.
2.
In general, conductivities increase with depth because of fincreased compaction and cementation so that gradients decrease with depth . Thus, linear projection of gradients below observation points may predict temperatures much higher than those which actually exist .
3. Gradient measurements made in shallow holes are strongly influenced by near-surface effects such as precipitation and movement of groundwater . Geothermal workers have long recognized that anomalously high bottomhole temperatures (and thus , elevated gradients) often occur in shallow wells. Even in relatively deep gradient holes (up to thousands of feet) movement of groundwater can alter the geothermal gradient.
Petroleum exploration has yielded numerous subsurface temperature measurements which permit the calculation of temperature gradients in the eastern half of the country. Recently, the American Association of Petroleum Geologists and the U. S. Geological Survey (1976a.b) jointly published several maps showing regional variations in subsurface temperatures. One map, the Michigan portion of which is presented here as figure 2 , displays average temperature gradients calculated from drill hole information; a second map shows, where data are available, the depth to various isothermal surfaces.
These maps may be of only limited use in geothermal exploration because of arbitrary corrections applied to calculated temperature gradients Any gradient values more than two standard deviations from the mean were excluded because of suspected error. Because of these deletions, some true geothermal anomalies may not show up on the published maps. So although the AAPG-USGS maps are widely used by geothermal workers in the east, their local accuracy is questionable .
Despite these problems, the data set from which the gradient map was generated is the best currently available for study of geothermal phenomena in the eastern United States. The Los Alamo ntific Laboratory is using the gradient data to target hot dry rock e nary results are encouraging and suggest that some of the anomalies may be more important than the gradient map implies (Hodge and others, 1979; Maxwell, 19791. 
Analysis of Michigan Temperature Gradients
This study is an analysis of temperature gradient data derived from drill holes in an east-west zone through the center of the southern peninsula of Michigan ( fig. 1) . The purpose of this work is to investigate possible problems in utilizing the AAPG data base, giving particular emphasis to the area of Michigan outlined in the figure. Michigan was chosen because a review of that State's geothermal potential shows inconsistencies between gradients from shallow wells and nearby deeper wells and because the geology of the State is relatively simple.
Structural complexity and variable lithology can mask the true thermal character of an area and make geothermal gradient interpretations difficult and ambiguous. The structure a d stratigraphy of the Michigan basin are relatively predictable, which makes the basin ideal for a study of this type. These features G e discussed in the following section because an understanding of Michigan basin geology makes it easier to predict the influence of lithology on the basin's geothermal gradients Geol og i ca 1 Survey, 1976).
Geology
The Michigan basin is almost totally contained within the southern peninsula of Michigan. Its edges extend into Wisconsin, Illinois, Indiana, and the Province of Ontario.
Structural Setting
The structural boundaries of the basin are the Canadian Shield t o the north, the Wisconsin Arch to the west, the Kankakee Arch to the south, and the Algonquin Arch to the east ( fig. 3) . The basin is nearly symmetrical in shape and is slightly elongated in a northwest-southeast direction.
Despite the presence of some subsurface faults and numerous gentle folds, the Michigan basin has been relatively stable since the beginning of the Paleozoic Era. The structure is typical of basins formed in stable regions. Since deposition was almost continuous, rocks from each Paleozoic period are represented in the stratigraphic sequence. The basin was tectonically active from the late Cambrian to the Jurassic, but because of its cratonic location, activity was relatively gentle.
In general, subsidence of the basin occurred as the result of a gentle downward flexing of the middle of the basin rather than through block faulting or intense folding. Sedimentary strata within the basin dip toward the center at about 60 ft/mile (Heinrich, 1976) . Faults are not mapped at the surface in Michigan but they are known in the subsurface. In some places the drift is 1,000 ft or more thick (from Whi t t e n and Beckman, 1969). Sedimentation in the basin kept pace with structural development, so that the sediments of Paleozoic age are characteristic of those deposited in a shallow epicontinental sea or a coastal environment. The Jurassic rocks are continental sands and shales, A generalized stratigraphic column for Michigan is shown in figure 6 , and a generalized cross section of the upper part of the basin, adapted from Lilienthal (19781, is shown in figure 7 , The data used to construct the cross section were taken from 11 wells in a west-to-east line across the study area. This illustration is central to the understanding of the relationship between selected formations and to developing an overall picture of the structure in the subsurface.
When considering the relationship between lithology and temperature gradient, the most important formations in the cross section are the Coldwater Shale, the Antrim Shale, and the Ellsworth Shale, In the study area these units occur in the upper 3,000 f t of the basin. Their combined thickness reaches 1,400 ft. These units could be important zones of elevated temperature gradients because shales generally show poor thermal conductivity.
The appendix contains a brief lithologic description of the units found in the study area. The temperature gradient data used in this study are from drill holes in an east-west section through the southern peninsula of Michigan from latitude 43.2' to 44.2ON ( fig. 1 ). This particular strip was chosen for study because of the relatively large number of wells drilled there and because of its proximity to the center of the Michigan basin where shald units are generally thickest .
The study area comprised all or part of 25 counties. The data were assembled from 143 wells. Twenty-seven of the wells have total depths less than 3,000 f t ; 74 have depths from 3,QOO to 5,000 f t , and 41 are more than 5,000 f t deep (table 1).
Most of the data in this report come from the data file that accompanies the Geothermal Gradient Map of North America (American Association of Petroleum Geologists and U.S, Geological Survey, 1976a) . Some of the deep well data were gathered by the present author from the Michigan well files. Each set of well data includes location, recorded bottomhole temperature (BHT), ambient surface temperature, system of rocks, and bottomhole lithology. Despite the previously discussed problems with using AAPG data for geothermal work, the data set does provide a comprehensive, inexpensive list of wells drilled in Michigan before 1973.
The BHTls in the data file are not corrected, but corrections were applied in calculating the gradients that appear on the published gradient map. The correction factors used by AAPG are unique to specific geographical areas.
The gradient values in this report are uncorrected; had: the correction factor for Michigan been applied, these values would be 0.15 to 0.19'F/100 ft higher, depending on the depth of the hole. Table 1 is a list of the wells drilled within the study area, showing BHT, location, lithology, age, depth, ambient surface temperature, and calculated (uncorrected ) temperature gradient. The data are roughly ordered by depth to aid in interpreting the relationship between gradient and depth. Figure 8 shows the locations of the wells shallower than 3,000 ft, and figure 9 shows the locations of the wells deeper than 3,000 ft in the study area. lower than those in nearby shallow wells. The graph also shows a large range of gradients from wells less than about 3,000 f t in depth. If this range in shallow-well gradient values is real, a comparable range would be expected in the deep wells.
It is immediately apparent that gradients in the deep wells are much A plot of bottomhole temperature against depth ( fig. 11) gives a similar picture. Superimposed on the data plot are gradient lines of 1°F/lOO f t and 2'F/100 ft. Only one well than 2.0°F/100 ft.
It should gradients greater than 2'F/100 95' or 100'F.
These data suggest that wells deeper than 2,400 f t has a gradient greater also be noted that 9 of the 14 wells with f t have bottomhole temperatures of 80°, 90°, shallower than 3,000 f t may not be reliable indicators of geothermal gradient, at least in a portion of Michigan. 
Explanations for Elevated Gradients
Bottomhole temperature measurements and temperature gradients calculated from them are subject to several sources of error. Temperatures measured in a well are affected by mud temperature and circulation rate and the time elapsed since circulation. However , these factors are generally considered to reduce indicated bottomhole temperatures below true equilibrium values and so will not be considered in the following discussion of the elevated gradients found in shallow wells in Michigan.
Temperature gradients may also be affected by movement of groundwater, errors in BHT measurement, and variation in the heat flow and thermal conductivity of the rocks penetrated by the well.
Groundwater Circulation
Elevated bottomhole temperatures occur in wells located near upwardconvecting water originating in warmer, deeper strata. The geothermal gradient calculated from such a bottomhole temperature will not be representative of the region in general, and the temperature at a particular depth predicted from the gradient will be higher than the actual temperature * In both cases , projection of these gradients for temperature determination at a particular depth will yield temperatures that are too high.
Hodge and others (1979,, p. xxiii-2) used only data from wells deeper than 1,650 f t in a study of the geothermal resources of New York State, noting that '!The data from wells shallower than 500 meters generally give locally variable gradients which probably reflect the temperatures of relatively shallow groundwater circulation systems rather than the temperature of the underlying strata.
If groundwater circulation is the reason for the high gradients observed in shallow wells in Michigan, the depth of circulation apparently is greater than that expected in western New York.
The degree of vertical fluid migration necessary to account for the high BHT's in shallow wells in Michigan is easily calculated. The highest gradient exhibited by a shallow well in the data set is 3.54'F/100 f t from a 1,525-ft well. The BHT of this well is 100'F.
The average temperature gradient in the Michigan basin is about 1.2'F/100 ft. Therefore, if groundwater circulation is at work, water at lOO' F must originate at a depth of 4,417 f t and travel vertically for a distance of 2,892 ft.
Vertical movement to this degree is unlikely because there is little or no evidence of vertical permeability in Michigan. Numerous shale strata serve as barriers to upward movement of water, and there are no extensive deep fault systems in Michigan's southern peninsula that would allow vertical travel of water .
These results suggest that groundwater circulation cannot be the sole explanation for the high thermal gradients in Michigan .
Erroneous Temperature Headings
Maximum-reading thermometers have been used to measure BHT's in oil and gas wells since the 1930's. Use of this instrument ensures that most incorrect recordings will be on the high side. However, in some cases the thermometer may have a weak constriction and the mercury may be shaken down as the tool is brought up the hole, giving an incorrect reading on the low side .
Before a maximum-reading thermometer is lowered downhole, it must be reset by centrifuging. If the thermometer is then exposed to a warm environment on the surface for any significant length of time, its downhole reading will be that surface temperature when the formation temperature is lower than the surface temperature, as is the case in many shallow wells. Errors are also introduced when the mean air temperature is incorrect. Microclimatic effects can change this temperature over short distances. In Michigan, the cooling effects of the surrounding lakes is a good example.
The effect of erroneous BHT values on calculated gradients will be greater for shallow wells than for deep wells. For example, in an area where the ambient surface temperature is 47'F, a 2,000-ft well whose BHT is mistakenly read as lOO' F inste&d of 9 0 ' F would show a calculated geothermal gradient of 2.65'F/100 f t instead of 2.15'F/100 f t , a difference of 0.50°F/100 ft. The same absolute error (10'F) in measuring the BHT of a 7,000-ft well at 150' F instead of 140' F leads to a gradient of 1.47'F/100 f t instead of 1.33'F/100 ft, a difference of only 0.14°F/100 ft.
There is persuasive evidence that some recorded bottomhole temperatures are outright guesses. Figure 11 shows BHT's from this study plotted against depth, along with temperature gradient lines of 1°F/lOO f t and 2'F/100 ft. The grouping of points above the 2'F/100 f t gradient line on figure 11 contains 14 BHT's which give almost all the abnormally high gradients calculated in the study area. Five of these BHT's are exactly 100°F, a number having all the characteristics of an estimation. Four other shallow bottomhole temperature readings could well be guesses--two are 9 5 ' F , and the others are 85' F and 80' F.
If these nine suspicious data points are removed from the sample, there is alm6st no evidence of high temperature gradients at shallow depths.
Low-Conductivity Rocks or High Heat Flow
In the absence of convection, temperature gradient (r) is related to conductivity (K) and heat flow (a) by the relation r = q/K.* Therefore a high $One heat flow unit (HFU) = 1 x 10' 6 caVcm2 sec. One conductivity unit (CUI = 1 x 10-3 caVcm sec OC.
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temperature gradient requires either an elevated heat flow, a low conductivity, or both.
It is well known that in the absence of convective heat transfer, the conductive flow of subsurface heat toward the surface is constant at all depths. This heat flow can be calculated from data readily obtained by drilling: conductivity is obtained from analysis of core samples, and temperature gradient is calculated from temperature logs .
Seven heat flow values calculated in the study area ( fig. 12) range from 1.0 to 1.3 HFU (Sass and others, 1976) . From these values, an estimate can be made of the maximum temperature gradient that would be encountered. The conductivities of the various rock sequences that comprise the upper 3 , 000 f t of the study area are known approximately; they lead to the conclusion that conductivity in the area cannot be expected to be less than 4.0 CU. These values of heat flow and conductivity give a temperature gradient of 1.8'F/100 ft, significantly lower than the gradients found in many of the wells less than 3,000 f t deep.
High concentrations of radioactive elements in the Precambrian rooks underlying Paleozoic sediments can generate sufficient heat to produce local areas of heat flow as high as about 2.3 HFU. This heat flow value and a conductivity of 4.0 CU would produce a gradient of 3.2'F/100 f t , which approaches some of the highest gradient values encountered .
Therefore, it is possible that there are areas within the study region where high gradients actually exist, caused by a combination of high heat flow and low conductivity. However, it does not seem likely that this mechanism causes all the high gradients, because such an explanation would require heat flow to be elevated at each shallow well that exhibits a high gradient but not elevated in any of the areas where heat flow values have actually been determined . 
28

29
Conclusion
Special care should be taken when using the data file that accompanies the Geothermal Gradient Map of North America. The BHTk recorded for shallow holes in Michigan are abnormally high.
An investigation of these high BHTk shows that they may be due to groundwater circulation, elevated heat flow, sediments of low conductivity, measurement errors, or outright guesses .
Groundwater circulation may be occurring in limited areas of the basin, but there is no direct evidence of widespread deep-groundwater circulation in a subsurface fault system underlying the study area.
The combination of high heat flow and low-conductivity racks is another possible explanation. Although heat flows measured in the study area do not exceed 1.3 HFU, there may be areas of high heat flow due to increased concentrations of radioactive elements in the basement. Shallow wells with high BHTk occur throughout the basin, but it is not likely that areas of high heat flow occur with the same frequency.
High BHTk may result from errors in measurement or from using estimates rather than actual measurements. Failure to reset the maximum-reading thermometer, or exposing it to warm air or sunlight, may cause temperature measurement errors on the high side, particularly in shallow holes. Logging engineers freely admit that BHT estimation has been common practice. Offset wells frequently serve as guides for estimating BHT's, but when an offset well of similar depth is not available, the BHT may be guessed. A large percentage of the elevated gradients are found in shallow wells whose recorded BHT's are exactly 80°, 8 5 O , 95O, and 100°F.
The AAPG data set is valuable as a first approximation of geothermal potential because of its comprehensive nature. However, it must be used with daution and with an appreciation of the quality of the data. 
